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Abstract
NASA's vision for science exploration in the next
century is based on frequent, affordable missions
enabled by small, low-mass, low-cost, highly-
autonomous spacecraft. Through the New Millchnium
Program (NMDP?), NASA is establishing a new and
highly integrated approach to developing and flight-
validating technologies that meet these spacecraft goals.
Meeting the mission scenarios envisioned and the
overarching goal of reducing lifecycle costs present
significant challenges across all aspects of spacecraft
design, implementation, and operation. This paper
focuses on the advanced communication system
architectures and technologies that have been identified
by the NMP as key capability needs and arc currently
candidates for flight validation. These systems fall into
three main categories. miniature deep  Space
communications; cxtremely high bit rate, near-1 ‘arth
communications; and short range communications.
Applications  incl udc: Space-to-grorrnd links,
interspacecraft links for the relay of data between
interplanetary spacecraft and associated landers and
rovers, as well as near-l%th spacecraft communicating
through crosslinks and datarelay satellites. Rl (400
M 11z through 32 Gt1z) and optical communications
technologies are discussed in terms of application and
key performance parameters, c.g., mass, size,
efficiency, and cost.
1. Introduction

A new era of space exploration is taking shape at
NASA. Thiscra is best characterized by frequent,
affordable missions enabled by small, low-mass, low-
cost, highly-autonomous spacecraft. Such a departure
from the past necessitates re-thinking the scicnee
aspects of amission, as well as the enabling space and
ground systems. NASA has set in place a technology
validation program, the Ncw Millennium Program,
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(NMP), aimed at accelerating the identification,
development, and flight validation of new and emerging
spacecraft systems that can mect these ncw mission
goals.  ‘I’he advanced technology component of the
NMI’ is organized into several thrusts, addressing such
areas as. autonomy, structures, and microelectronics.
The products of these thrusts would then be validated
through a series of NMP flights during the latter haf of
this decade. Of interest in this paper arc the advanced
communication system architectures and technologies
that have been identified by the NM]" as key capability
needs. 1 igure 1.1 depicts severa of the communication
scenarios considered. @
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Figure 1.1 Space Communication | .inks

Working in conjunction with the ncar-1:arth and deep
space scicnce communitics,  the following specific
high-level communications nceds were established carly
in the NMP:

.Miniature deep space communications

.Exwemely high bandwidth near-I ‘arth

communications

. Direct-to-PI near-1 arth communications

.Constellation communications
I'rom these needs alist of high priority technologies
was developed:

.Ka-band tclecom components

. High data ratc RI° transmitters

.optical communications systems

. Short range, low bit rate telecom chip sets
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.1 .ow mass, low power intcgrated electronics
Significant in this list is the presence of higher
frequency band systems that represent a major shift in
NASA’s space communications frequencies. This shift
iS broughtabout, in part, by the advantages of shorter
wavelengths, as well as recognition of the present and
anticipated pressures on NASA to move to higher
bands. Also noteworthy in thislist is the cmergence of
short range, low bi( ratc communications, which
contrasts sharply with NASA’s traditiona point-to-
point links. The space exploration vision for the 21 s
century calls for chip-level tclecom systems that link
together such missions as. constellations of spacecraft;
virtual instruments composed of multiple spacecraft;
surface planetary networks of fixed and mobile
platforms; and planct surface to relay orbiter. These
links typically support 10’s to 100’s kbps over
distances in the range of 1000 km to less than 1 km,
and operate in the UHE band (- 400 MI 1z), although
S-band (2-3 Gllz) isa possible candidate.

Implicitin al of the above arc the overarching goals of
reduced mass-systems  and lower mission lifecycle
costs.

With this technology framework in place, a
Communications S yslems Integrated Product
Devclopment Team (JPDT) was established to meet the
aforcmentioncd set of goals. Through a competitive
process, a team of industry/academia representatives
was sclected to work with a small group of NASA
cngincers.  This paper outlines the breakthrough
technologics and their applications, as identified by this
P11 for development and flight validation.  "The
matcrial is organized as follows. Section 2 of the paper
deals with new and emerging technologics in deep space
and ncar-1iarth R communications.  Section 3 is
sim i larl y focused on deep space and near-| iarth, but
from the perspective optical communicant ions. Section
4 completes the technology overview with a description
of short range, low bit rate communications;
concluding remarks are given in Section 5.

2. R¥_Communications
‘The major NASA space communications frequencies
presentl y cover S-(2 GHz) through Ku-band(14 Giz).
As mentioned above, the NMP is planning to develop
and demonstrate technologies at Ka-band, 20-27 Gll
for near-] ‘arth and 32 Gilz for deep space.

‘1’here is aiso much synerg y between the | deep Space
and  Near-Earth technologies, particularly where

2

miniaturization through high levels of integration and
low cost implcinentations arc concerncd.

2.1 Deep_ Space
Miniaturization Of the spacecraft communications
payload anti the introduction of Ka-band operational
links arc ihc major thrusts in this area. The vision for
the small spacecraft tclecom payload is ahighly
integrated radio frequency subsystem that exploits
recent advances in electronics devices and packaging,
digital signal processing, and matcrials. These
advances, along with new approaches to antenna design,
wiii have a significant impact on the power, mass,
volume, and cost of the telecom payload. 1 qgure 2.1.1.
illustrates a simplified clecom block diagram for a deep
space spacecraft; the dotted linc in this figure indicates
the option for coherence between the receive and
transmit paths. The |Jtra-Stable Oscillator shown is
used to meet the high stability requirements of science
experiments that make dual usc of the radio signals.

— Spacecraft Telecom Architecture —
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Ka-band links offer a significant telecom advantage over
X-band (8.4 G11z) because the higher frequency allows
the spacecraft to focus R energy into a smaller beam.
1 ‘or the same antenna sizc and RI* output power, the
advantage approaches the square of the ratio of the
frequencics, i.e., ~12 dB. The adverse effects Of system
inefficiencies, propagation, receiver noise temperature
and antenna pointing accuracy, reduce this advantage to
6-8 dB. A communications link design can utilize
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this advantage in either lower transmit power at Ka-
band or smaller spacccrafl antenna aperture.  1or
example, today atypical spacecraft with a 1.5 meter
diameter antenna and al13 W X-band transmitler would
sustain122 kbps over a distance of 1AU (148 X 10°
km) toliarth, 1 ‘or the Same spacecraft operating at Ka-
band, but with a lower power transmittcr, €.9., 3 W,
100 kbps could be achieve over the same distance. The
ground segment assumed for this example is the ncw
34-m beam waveguide antennas 'that have been
recentl y deployed at NASA's 1 deep Space Network
facility in California. The net Ka-band advantage for
this example is-5.5 dB.

Central to realizing this vision is a highly miniaturized
deep space transponder/transceiver (See Figure 2.1. 1)
thatis revolutionary in nature through the usc of
innovative digital signal processing techniques and
application specific integrated circuits (ASICs) to
performfunctions traditionally realized in analog
circuitry. This NM P-proposed transponder, the Deep
Space Tiny Transponder IISTT), offers an order-of-
magnitude reduction in volume and mass, and almost a
similar reduction in cost, when compared to the Cassini
spacecraft transponder, which represents the current
standard for deep space misions.

A comparison is shown graphically of key transponder
metrics in Figure 2.1.2 among the Cassini spacecrafl
wansponder; the Small 1>cep Space Transponder
(S1>S'1'), which is currently under development by
industry for NASA; and the NM1’-proposcd 1STT.
Both the DSTT and SDST are designed to be
functionally equivalent to the Cassini transponder, and,
additionally, have Ka-band exciters.  The conceptual
layout for the 11S'1"1" is presented in Figure 2.1.3.

DSTT
SDST Mass (kg) oo space
(Small Deep 6 i
Space Lransponder) Tiny Transponder)

val. (ec)

\
Cassini
Transponder

Jigure 2.1.2 1 deep Space Transponder cOmMparisons.
expected performance improvements

Recurring Costs

00
O/. Andlog vs Digital ($M @ 5 units)
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The development of small, highly efficient power
amplifiers arc also critical, since [hey typically place
thc biggest telecom demand on the spacecraft 1 )C power
source. 1 ‘or the power ranges considered by the NMP

X-Band Extiter

X- & Ka-Band
Outputs

L

igital & Analog
ASICs

Tigure 2.1.3 Proposed layout of the Deep Space
Tiny Transponder (10.5 x 8 X 3.5 cm)

(<5 W for Ka-band, <15 W for X-band), solid state
power amplifiers (SSPAs) appear to offer the best
solution in terms of Watts/kg and Power Addd
Efficiency (PAE). Traveling Wave Tube Amplifiers
(Ir'wTs) and Microwave Power Modules, a hybrid
‘JWT/SSPA arrangement, discussed in Section 2.2, ar
more suited to higher power levels.

While the Ka-band S SPAs arc less mature, the trend,
shown in Figure 2.1.4, is for increasingly efficient
SSPAs, approaching X-band efficiencies. This is
achievable using the latest device technology, such as
pseudomorphic high electron mobility transistors
(Pl IEMTs).
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The key remaining telecom component is the spacecrafl
high gain antenna; the major mass driver for a small
spacecraft tclecom payload.  Despite the wavelength
advantages discussed above, apertures inthe 0.5-2,0 m
class arc still required to establish deep space links at
the desired data rates, ~100 kbps at 1 AU. For the first
NMP flight, a lightweight composite-malcrial, solid
parabolic antenna has been proposed with adua X-/Ka-
band feed. This antenna offers a x2 mass reduction over
previous] y flown antennas (see | ‘igure 2.1 .5), while.
providing the high surface accuracy necessary for Ka
band operation.
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Figure 2.1.5 1 dccp Space AntennaMass vs. Time

1or later NM]’ flights, more aggressive concepts are
under consideration which emphasize stowed antenna
volume vs, deployed, and further reductions in mass.
Onc concept under devclopment iS an inflatable
reflector, with a deployable find, that could potentially
offer a deployed-to-stowed volume ratio of -10, with
comparable mass to the solid parabolic antenna at 2-m.
Other deployable antenna candidates include flat and
ultra-lightweight, “fishnet” reflectarrays. The latier
antenna uses chords to suspend radiating elements,
which, in principle, can achieve very low mass-to-
aperture ratios (0.6- 1.0 kg/m?).

2.2 Near-ICar~
I‘lexible technolog y options arc the key to providing
communications services for Near-1 <arth missions of

4

the 21Istcentury.  Usc of existing communications
infrastracture in ground stations and relay satedlites for
S, X, and Ku bands will be combined with new
capabilitics in Ka-band using standardizcd components
to yield the most cost cffective means to accomplish
the science mission.  ligure 2.2.1 illustrates the
variety of communications links which may be used.

Ka-band
10 Mbps
Ku-band
3 Mbps
S-band NG
Command & Control v ?d;
* N NMP

155 Mbps

Ka-band
600+ Mbps

14gure 2.2.1 Near 1 larth Communications Options

"The science instruments flown by the NMP will require
the return to Fiarth of increasingly large science data
volumes, using communications equipment that is
lignter ~and more power efficient,  operates
autonomously, and supports lower cost ground
facilities, spacecraft operations, and data processing.

‘1’0 achicve lower costs in operating these next
generation spacecraft, command and housckeeping
communications will be increasingly demand-driven and
asynchronous. T he NASA 4th generation transponder
system is being developed by industry to satisfy these
requirements, while maintaining compatibility with the
existing NASA S-band infrastructure.
Communications direct to earth or via the Tracking
and 1 >ala Relay Satellite System ("1'1)RSS) can be
accomplished either by fixed schedule, asis currently
done, or initiated independently by either the ground or
the spacecraft. ~ Small, low cost onmi-directional
antennas arc used, with data rates varying from as low
as 128 hils/second up to 2 Megabits/second, This
technology is proposed as the standard for flight on al
NMP near carth missions. Yigure 2.2.2 shows the
improvement which can be achicved with this
technology in several key metrics compared to a
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[transponder’ which is currentl'y flown on NASA in
missions (l'igurc 2.2.3).

Key Transponder Mass (kg)
Metrics 49

- 15 «
Volume (t0%c) ““'* --- ,l
- )
Legend =) 20
waw= 3rd Gen.

RecurringCosts
($M @5 units)

~——— 4th Gen.

1igure 2.2.2 Expected Improvement in Key Metrics of
the NASA Standard S-band Transponder

14gure 2.2.3 NASA 3rd Generation Transponder

In addition to the relatively low rate command and
control communications described above, transfer of
mull ti-Terabit dail y data streams of science data to
central archives for programs such as the 1 08 will be
required. Tt is also anticipated that increasing numbers
of end users such as universities will desire direct access
to spacecraft instruments using low cost ground
stations. These operations will require peak data rates
of lens to hundreds of Megabits/second and must be
accomplished with high-gain onboard antennas of a sizc
dictated by the small dimensions of the Ncw
Millennium spacecraft. These size restrictions and the
increasing international competition for RI* spectrum
will ultimately force all users to utilize current
al locat ions more efficientl y and develop the technolog y
1o USC ncw frequencics such as Ka-band (20-27 Gl11z).
This band is desirable in that it provides both wider
frequency allocations for higher downlink rates ad

smaller antennas for a given gain duc to its shorter R
wavelengths.

Phased away antennas with integral, distributed RI;
power amplifiers are seen as a solution to the problems
associated with providing high gain for scicnee
downlinks without the deployable structures, moving
parts and torque disturbances which arc associated with
current mechanically steered high gain antennas.  An
interim, X-band antenna capable of supporting 15S.52
Mbps to a 6-m class ground station has been proposed
for the first NMP near-cmth mission witk a follow-on
Ka-band unit capable of 622 Mbps to a ground station
of similar antenna size. 1 °igurc 2.2.4 indicates the
improvement in performance which can be achicved

. Mass (kg)
Key Metrics for X-band
Transmitter Subsystem:
. Antenna ; kT
. Power Amplifier / ea
. Modulator / S

. Data Compression ,*

Recurring Costs
(M @ 5 units)

==~ Landsat7
~—— NMP

Figure 2.2.4 Expected Improvement in Key Metrics
of the X-band 1 Jigh >ata Rat ¢ Transmitter

with the X-band system when compared with NASA’'s
| andsat-7 system, which  will have similar
performance. Figure 2.2.5 illustrates the architecture of
the phased array.

. Phased Arravy Antenna
. Includes Power Amplifier function (distributed)
.<100 active elements (-100mW/element)

BOEING

25x25x2.5 cm.

Subarray

[ igure 2.2,5 Phased Array Antenna S ystem
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N A SA GSFC and 1.cRC have cach been actively
involved in the area of high data ratc modulation and
coding techniques. in particular, 1.cRC has developed,
in cooperation with industry, alow cost, reconfigurable
digital encoder/modulator (I figure 2.2.6) for medium to
high da(a raft communications links.

1iigure 2.2.6 1.eRC Yincoder/Modulator Brassboard

A baseline prototype has been fabricated for 155.52
Mbps operation in a standard 72 M| 1z commercial
transponder channel A concatenated coding scheme
consisting of a Reed Solomon (255,239) outer code ad
a pragmatic rate 5/6, four dimensional trellis inner code
has been designed specifically for 8-ary modulation
formats. The scheme requires about 7.8 aB Eb/No for

a bit-error rate of 10”  and offers bandwidth
efficiencics greater than 2 bps/tlz.  The unit is
programmable and reconfigurable to support a wide
range of data ratc requirements, especially those
requiring large data return, i.e. high resolution remote
sensing instruments.

Among the latest advancements in high power RI
amplifiersis the microwave power module (MPM,
Figure 2.2.7), The MPM consists of a short ‘1 WI’
wi(h a solid state MMIC driver section.  Present
commercialy available versions operate from 6-18
Gllz, with RE output power levels to 100 W. *I” he need
for space-grralification and development of a lower
mass, electronic power conditioner (1 :PC) arc two arcas
which arc being targeted within the NMP, which is
considering the M PM for possible deep space and near
1 iarlh gpplications a X-band and Ka-band.

6

Figure 2.2,7 Microwave Power Module

3. _Onptical Communicatjons
Through the NMP, NASA has the opportunity to
flight validate optical, (laser) communications. Optical
communications systems offer three key advantages
over RY systems, as aresult of the very short optical
wavelength (), 1um vs. 1 cm (Ka-band). The
advantages arc: 1) the reduced size of communications
payload, 2) aperture gain, or dircctivity, which scales

with 1/4 2 and 3) the virtually unlimited, and currently
unregulated, bandwidth.

Because Of the very high directivity of the optical
beam, significant increases in link capacity (x 10 -
x100) can be achicved over Ka-band corn unications,
while minimizing the power, mass and size burden on
the spacecraft. The typical large parabolic antennas of
current spacecraft will be replaced by telescope apertares
in the centimeter class, which will be integrated with
the tracking and detection electronics.

3.1 Deep Space

NASA has in place space and ground optical
technology development programs at the Jet Propulsion
Y.aboratory (JP1.), which have a significant deep space
focus. At the core of the NASA spacecraft technology
development  is  the Optical  Communications
| demonstrator (OCI D) programz. This program is
developing an engineering modet of a flight terminal
capable of ret urning kbps to Mbps from the planets, or
Gbps from high-Farth-orbit to the ground, scc the
scction 3.2, The system uses a “minimum-
complexity” architecture that uscs only onc detector
array and onc fine Steering mirror to accomplish beacon
signal acquisition, tracking, transmit beam pointing,
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and transmit/receive coalignment (with poinl-ahead to
accommodate cross velocity). Tracking of the beacon
signal is accomplished by using a windowed sub-frame
rcadout from the detector array.

‘The system consists of a single transmit/receive
telescope (shown in Figure 3.1.1), afiber-op(ic coupled
transmit laser assembly, and a scparatc control
processor. All of the optics arc located in the telescope
assembly. A coarse pointing gimbal assembly isnot
needed cxcept in mission applications where scparate
pointing of the terminal relative to the spacecraft is
required. The telescope aperture size is 10 cm and the
transmit source is a1-W, diode-pumfwd, solid state
laser. Such a systcm can deliver 500 kbps from 1 AU
to a 10-m “photon bucket” optica recciver.

Sstond CCh Housing Tracking CCD &
mo: s HotaBonal Erecironles
Agjustments Adjusigrent | L.

{¢iher Cannector}

" Secoxiary
: Mtrror
i_:, Suppost

Aft Housing
tor coupling

Steering  pagin /

Maunting
Hour g eptics
Mirsor Hausing Primary Miror
{inside housing}

Figure 3.1.10ptical Communications 1 demonstrator
OCH)

The OCD s currently under engincering model
development; aflight model could be available for a
NMI" flight in laic 1997. Iistimates of the complete
system mass, power, and volume (excluding the coarsc-
pointing gimbal) arc 8 kg, 22 W, and 4700 cc,
respectivel Y. However, recent discussions with several
advanced optics companies suggest that the mass could
be further reduced. Consequendy, a potential industry
partnering relationship is currently being explored to
bring this and other developments into the NMP
Communications Systems 1PDT.

‘The deep space optical communications terminal just
described is equally suited to near-l ‘arth applications.
However, the considerably reduced range of Earth -
orbiting satcllites allows data rates in cxcess of 1 Gbps
1o be supported from Geo.-to-ground (1 -m stations)
"This terminal can also be used for inter-sa(cllitc links.

7

A second optical communications terminal has also
been developed at NASA-J P, that offersa 0.5 Gbps
capability at alower mass (<5 kg), power (15 W) and
Volume (3375 ¢cc). ‘I'his terminal, SCOPIL: 11, is a
derivative Of a small breadboard terminal developed as
an experiment for possible flight on NASA’s Cassini
spacecraft, see Figure 3.2.1 below.

Figure 3.2.1 Small optical
communications spacecraft terminal

‘1 *hc SCOPY; 11 has a1 cm aperture and a 300 mW
semiconductor laser. The intended receiving station is
configured around an autonomous, 1-m class, tracking
telescope.  This terminal is soitable for Landsat 7
equivalent 150 Mbps data links, and can be configured
to operate at commercial standard rates, €.g., 155 and
622 Mbps for low I:arth orbiter links.  Both the
SCoprrE Il and OCD terminals require gimbals for
pointing and uplink optical beacons for acquisition and

tracking, with powers of <1w and <10W, respectively.

1igure 3.2.2 shows a comparison for severa optica
terminals in terms of a bps/W mcfric; the performance
data shown was collected from open literature. AS can
be seen from this figure, both NASA-JPL. termiunals
have good perfonnances; Simi far good performarces arc
also the case for these terminals in terms of bps/kg.
1owever, it is noted that these metrics are projected
from laboratory measurements and ana yses. Validation
on aNMP flight would validate the actual performance.

3.3 Ground ‘l-racking

Ground tracking of optical spacecraft requires the
deployment of a network of stations, similar in concept
10 NASA’'sRI: 1)ecp Space Network. Site (spatial)
diversity is essential to overcome the adverse effects of
cloudsand rain. Recent studies of ground station
requirements indicate that 1-1n and 10-m apertures are
sufficient for near-} ‘arth and deep space applications,
respectively, as mentioned above. 1t is envisioned that
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ontical communication systems will coexist with R 1;
capabilities, particularly given the very large RI¢
investent, and that a combination of both approachcs
will offer significant advantages to NASA and other
users, e.g., commercial.

Equivalent Data Rate/Watt of Power

ochD
-] JPL Deep Space [

100007

1000 T
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8 strv il

01 usa'o7Hl 3kgi 15w L]
AL snsasonsmasi
....... o
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¢ 2 22 kg; 90 W [

0.001 l
I4dgure 3.2.2 Optical communications
terminal comparisons

4. Short Range Communications
1‘rem constellations of miniature spacecraft to robotic
landers and planctary surface penctrators, the
demonstration of revolutionary technology iskey to the
success of future space exploration, As the trend
continues to reduce the sive and mass of future
scientific spacecraft, potential capabilities of these
small spacecraft increase tremendoudly. With the advent
of micromachining technologics, rritraminiature
communications systems arc NOW bccoming g uite
possible. Microclectromechanical systems (MEMS) arc
widely gaining acceptance as an enabling technology
for numerous applications, ¢.g. sensors, actuators,
imagers, accelerometers, and communications. By
utilizing  batch fabrication through planar IC
processing, it is possible to fabricate a multitude of
micromcchanical components as easily as fabricating a
single one. Combined with microclectronic devices,
completely monolithic, micron scale components and
systems can be achicved. Advances in this processing
technology will lead to more robust, lower cost
systems. The Universit y of Michigan's Center for
Intcgrated Sensors and Circuits, well known for their
capabilitics in micromachining technologies for sensors
and signal processors, has been investigating single
chip UHt 1o S-band wireless transceivers (o0 meet the

NM/P's goals of low mass, low cost, and low power
consuming communications Systems.

Many present strategies for achieving single chip
heterodyne transceivers current] y implement high-Q R ¢
and I components in SAW, quarlz Or ceramic
resonator technologics. Circuit complexity and high
levels of system integration add to the problem of
multi-chip designs.  Micron-scale, high-Q, on-chip
mechanical resonators can  be fabricated using
capacitivel y or piczoclectricall y transduced approaches,
thus relicving the need for high levels of systems
integration. A M1:MS resonator can offer orders of
magnitede reductions in size over comparable SAW
designs (sce Iigure 4.1).

MEMS
Resonator

SAW Resonator

T N
Quanz Interdigital ‘\
Substrate Transducers K »
1000X Silicon
| Die

Magnification - -

L A tem - »j L—:m R »l
¥igure 4.1: Size comparison of SAW vs. MEMS
Resonator

Reducing the circuit complexity by combining
functions on a single chip will also decrease the
susceptibility to radiation in  space applications.
Passive components such as RF bandpass and image
reject filters, and oscillators arc inherently replaceable
viathe M EMS approach. Among the components
specifically being investigated for NMP arc RY filters
ranging from 800 Mz to 4 GHz; 1¥ filters in the 455
kliz to 254 M1z range; and highly stable Ul¥ local

oscillators. ‘1’'able 4.1 compares SAW vs. M| IMS
SAW MEMS Improvenem!

Parameter (state-of-practice) | >rojecled) Factor

Quality Factor (Q) [ ~40,000 {resonator) | 40,000

Insertion Loss (di3) -7 <05 4

Area (mnv) 102 2.5x109 46,000

Mass (kg) 109 10% 10

Q/kg 4x107 4x10' 10°

‘1'able 4.1: SAW vs. MEMS 1 lter Comparison
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implementations for an 1F bandpass filler at a center
frequency of 254 Mz, with 400 kilz bandwidth.

The current CMOS M1 iMS fabrication technolog y at
the University of Michigan is limited to transition
frequencics, f+ (gain-bandwidth product) of about 300
MI Iz. By integrating MEMS into higher frequency
fabrication processes (SiGe or GaAs), f, can be
extended to much higher frequencics.

Beyond space exploration, M1 iMS technolog y can ofler
vast terrestrial commercia spin-off potential as well.
Celtular phones and wireless | .AN’s arc justa fcw
commercial areas in which this technology can greatly
contribute.

5. Summary

NASA’s vision of space exploration in the2l st century
is predicated on tbe development of small, highly
autonomous spacccraft. The Ncw Millennium Program
has been established to develop and validate new and
innovative spacecraft technologics to meet this vision,
Advance communications technologies and systems
have been identified that will substantialy reduce the
telecom impact on spacecraft, while, in many cases,
providing improved performance.
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